Extracts of the Brazilian brown seaweeds Dictyopteris justii and Spatoglossum schroederi showed the presence of a cytotoxic mixture of 24R-and 24S-epimers of 24-hydroperoxy-24-vinylcholesterol (1). The derivation of 1 from fucosterol is proposed. Laboratory experiments assessed the anti-herbivory properties against the crab, Pachygrapsus transversus, of the crude extract and the epimers of 1 found in D. justii. The crude extract did not inhibit feeding, but the mixture of 1 epimers had a significant inhibitory effect. We propose that these unusual sterol compounds cannot be easily converted to assimilable compounds by this crustacean, thus acting as a defensive strategy for the seaweed against herbivory.
During the last two decades, there has been increasing interest in steroids from marine origins, particularly polyoxygenated compounds of marine invertebrates [e.g. 1, 2] . In fact, a large number of new sterols that has no counterpart in terrestrial organisms have been isolated from marine organisms. Most of these compounds have been extracted from a variety of marine invertebrates, such as sponges, gorgonians, soft corals, ascidians, echinoderms, crustaceans, and mollusks [2, 3] and are important constituents of these organisms [2] . On the other hand, polyoxygenated sterols have been only occasionally isolated, from red and brown seaweeds, but have not yet been reported from green algae [1] . The first dihydroxysteroid isolated from a marine source was saringosterol from two brown seaweeds [4] . However, brown seaweeds have been the object of detailed physiochemical investigations that resulted in the discovery of more than 500 new metabolites, mainly terpenes, polyphenolics and hydrocarbons [5, 6] . Comparatively, steroids from brown seaweeds have received much less attention [7] .
In general, the ecological roles of steroids remain unclear. However, in invertebrates they may be related to reproduction, chemical signaling, defense, or as intermediates in the production of other bioactive derivatives [8].
In an earlier paper, we reported the identification of the sterol mixtures isolated from seven species of seaweeds in the orders Dictyotales and Fucales (Phaeophyta). Most of the species showed rather simple sterol mixtures, with only one to three dominant compounds: cholesterol, chalinasterol, present in all species, and fucosterol, typical of brown seaweeds and frequently the major sterol [9] .
In order to continue our phytochemical and chemotaxonomic studies of the order Dictyotales, (Phaeophyta) [10 and references cited therein], we examined the major metabolites isolated from the Brazilian brown seaweeds Spatoglossum schroederi (C. Agardh) Kützing and Dictyopteris justii J. V. Lamouroux.
The epimer mixture of 1 was isolated as the major component of the sterol fraction from D. justti and S. schroederi. However, the 1 H NMR spectrum of the crude extract of D. justii indicated the presence of both fucosterol and isofucosterol as major metabolites. After extract purification, neither of these compounds was obtained. However, the 1 H and 13 C NMR spectra in both CDCl 3 and MeOD revealed the presence of the two epimers of 1. The identification of 1 was based on comparison of physical and spectroscopic results with literature data [11] [12] [13] [14] . The structures of the sterol epimers of 1 were established by comparison of their physical and spectroscopic data with those previously reported [12] [13] [14] . The presence of the two epimers was detected by 1 H and 13 C NMR spectroscopy using two different solvents (CDCl 3 and MeOD). The origin of oxidized steroids possessing a hydroperoxyl group has long been questioned. From a biosynthetic point of view it seems that both 24R-and 24S-epimers are probably derived from fucosterol, via a natural photooxygenation, involving the abstraction of an allylic proton by singlet oxygen ( 1 O 2 ), along with migration of the carbon-carbon double bond. However, the possibility that 1 is an artifact arising from autoxidation of fucosterol cannot be completely ruled out.
The hydroperoxide 1 can be considered as an oxidation product of fucosterol, typical of brown seaweeds and frequently the major sterol. Ktari and Guyot [18] suggest that the presence of hydroperoxides in seaweeds can be explained either by an enzymatic oxidation due to the presence of peroxidase or oxidation by activated oxygen species ( 3 O 2 ), which can be formed in the presence of chlorophyll. However, these cited authors reported the isolation of 1 from Padina pavonica (Linnaeus) Thivy (Dictyotales) in dark conditions. On the other hand, other authors have considered 1 as an oxidation product of fucosterol, which represents 90% of the sterol fraction [19] . However, in a study concerning the lipids of the brown alga Hizikia fusiformis (Harvey) Okamura, it was reported, that only 24-oxocholesterol can be suspected of being an artifact [20] . In the Phaeophyceae, the hydroperoxide 1 was isolated from Turbinaria conoides (J.Argadh) Kützing [12] and Padina pavonica [18, 19] .
The presence of sterols in D. justii and S. schroederi as major metabolites, and the absence of terpenes, confirms reports of substitution between the occurrence of terpenes and steroids [21, 22] . Chemical examination of D. justii and S. schroederi shows either the total absence (D. justii) or only a minor presence (S. schroederi) of terpenes in their lipid extracts. The secondary metabolism of these seaweeds seems to prioritise the synthesis of sterols instead of terpenes.
If sterols are major constituents of these seaweeds, what is the ecological significance of these chemicals? Many macroalgae can deter herbivores by chemical defenses, mainly terpenoid compounds, usually produced as major secondary metabolites [23] . In the first assays, we verified that the crude extract did not inhibit herbivory activity of the crab Pachygrapsus transversus. Chemical analysis by 1 H NMR spectroscopy verified that the crude extract of D. justii possesses both fucosterol and isofucosterol as major metabolites. Thus, these results confirm previous results that show that sterol compounds do not inhibit herbivory.
Contrary to the results with the crude extract of D. justii, hydroperoxide 1 significantly inhibited herbivory by the crab P. transversus. From a biosynthetic point of view, it is probable that the 1 epimers are derived from fucosterol, but what is the purpose of this modification? Although the major function of sterols in any organism is to maintain the structure and fluidity of its cell membranes [24] , these compounds may also have a role in reproduction, chemical signaling, and defensive metabolites, or as intermediates in the production of other bioactive derivatives [8] . A defensive function has been proposed for unusual sterols found in the dinoflagellate Karenia brevis (Davis) Hansen & Moestrup [25] and the 24R-and 24S-epimers of 1 are also unusual sterol compounds. In addition, crustaceans require dietary sources of sterol for growth and survival because of the absence of de novo sterol-synthesizing ability [26] , and we propose that these unusual compounds could not be easily converted to assimilable compounds. According to the results reported here, we propose an ecological function for the unusual sterols found in D. justii, as a defensive strategy against herbivory. 
Experimental

Extract preparation:
Air-dried specimens of (288.0 g, dry weight) were successively extracted with CHCl 3 /MeOH (3:1) and MeOH. Evaporation of the solvents yielded the crude extract (15.2 g) as a brownish residue of which 2 g was subjected to purification by vacuum filtration on silica gel (elution with n-hexane, CH 2 Cl 2 , EtOAc, Me 2 CO and MeOH solvent systems). The fractions eluted with CH 2 Cl 2 /EtOAc (9:1) contained the crude mixture 1 (330 mg), a crystalline solid, which after re-crystallization with CH 2 Cl 2 , gave a pure mixture of these sterols (300 mg).
Air-dried S. schroederi (82.9 g, dry weight) was extracted with acetone, at room temperature, in an ultra-sound apparatus (30 minutes) and left to macerate for 24 hours. The solvent was evaporated under reduced pressure yielding 12.0 g of dark green residue. Part of this crude extract (6.0 g) was divided into four amounts (4 x 1.5 g) and each one was subjected to Amberlite XAD 1180 (150.0 g) column chromatography, eluting with H 2 O, MeOH, Me 2 CO and EtOAc solvent systems to give a total of 67 fractions. TLC (normal-phase silica gel) analysis of these fractions allowed combination of those fractions showing a similar TLC profile (using vanillin sulfuric acid as location reagent); this afforded five fractions. The second fraction was purified by normal-phase silica gel column chromatography eluting with n-hexane, CH 2 Cl 2 , CHCl 3 /EtOAc, EtOAc and MeOH solvent systems to give 65 fractions. These fractions were combined according to their TLC (normal-phase silica gel) profile. Fractions eluted with CHCl 3 to CHCl 3 : EtOAc (50:50) were combined and afforded 130.0 mg of residue, after solvent evaporation. The residue was applied to a normal phase dry silica 60 (80.0 g) column, which was eluted with n-hexane, toluene, CH 2 Cl 2 , EtOAc and MeOH solvent systems to give 59 fractions. Fractions eluted with a mixture of CH 2 Cl 2 : EtOAc (1:1) were combined and afforded a fraction named SPATO 3. Spectroscopic data allowed its identification as a mixture of the 24R-and 24S-epimers of 24-hydroperoxy-24-vinylcholesterol (1). and silica gel 60 GF 254 and RP-18 F 254 were used for TLC analyses.
Feeding assays: The defensive properties of the crude extract and the epimer mixture (1) against the crab were verified by including natural concentrations of both components in an artificial food [27] [28] [29] . The artificial food (control) was prepared by adding 0.36 g of agar to 10 ml of distilled water and heating in a microwave oven until boiling, followed by addition of solvent (CH 2 Cl 2 ).
This mixture was added to 8 ml cold water containing 1 g of the freeze-dried green seaweed, Ulva. The experimental food (treatment) was similarly prepared, but either the crude extract or pure compound was first dissolved in CH 2 Cl 2 , added to 1 g freeze-dried Ulva and the solvent was then removed by rotary evaporation. This procedure is necessary to obtain a uniform coating of natural products on the algal particles prior to their addition to the agar [27] .
Treatments and controls were hardened onto a screen and cut into small pieces (10 x 10 squares; about 1.2 x 1.4 mm each), which were then simultaneously offered to the crab, P. transversus. Crab assays were carried out in small plastic receptacles, each containing 250 ml seawater (n = 17 to 22 replicates), a small rock (as the crabs prefer to hide under rocks) and one crab. For all assays, the defensive activities of either crude extracts or 1 were estimated by comparing the number of squares consumed in both experimental foods (control and treated).
Statistical analyses:
Since all experiments were performed independently of one another, the appropriate statistical procedure is to analyze the results from each experiment independently. Because paired-sample data did not exhibit a normal distribution, the significance of differences in consumption in all assays was evaluated using the Wilcoxon paired sample test, a non-parametric equivalent to the paired-t test for dependent samples [30] . The consumption of controls and treatments was assumed to be dependent on each other, since consumption of one food item means less consumption of the other in the same container [31] . Differences were considered significant only when p < 0.05 (as 5%). 
